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Abstract

We present a simple coarse-grainedbead-and-springmodel for lipid bilayers. The

system has been developed to reproduce the main (gel{liquid) transition of bio-

logical membranes on intermediate length scalesof a couple of nanometersand is

very e�cien t from a computational point of view. For the solvent environment, two

di�eren t models are proposed. The �rst model forces the lipids to form bilayers

by con�ning their headsin two parallel planes. In the secondmodel, the bilayer is

stabilized by a surrounding gasof \phan tom" solvent beads,which do not interact

with each other. This model takesonly slightly more computing time than the �rst

one, while retaining the full membrane 
exibilit y. We calculate the liquid-gel phase

boundariesfor both models and �nd that they are very similar.
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1 In tro duction

A biological membrane (e.g. the cell wall or walls betweendi�erent compart-

ments in the cell) consistsmainly of a bilayer of amphiphilic lipids. It forms

an impermeablebarrier betweenwatery environments that may have di�erent

chemicalcharacteristicsand it is extremely 
exible. This is generallybelieved

to be due to the liquid state of the bilayer. In this state, the hydrophobic tails

of the lipids are disorderedand the whole bilayer shows a very low viscosity

in the membrane plane [1].

However, for many lipids the main transition { where the bilayer undergoes

a phasetransition to the gel phasewith a much higher viscosity and ordered

tails { is closeto body temperature (e.g. � 41oC in a pure DPPC bilayer). It

seemsreasonableto assumethat this proximit y of the transition carriessome

biological importance, e.g. for lipid-mediated protein-protein interactions or

for the formation of rafts and domainson the nanometerscale.Thereforeit is

interesting to study the properties of the transition.

The liquid{gel transition of the bilayer is mainly characterizedby a change

of the in-plane viscosity, the area of the bilayer per lipid and the lipid tail

ordering. Thesee�ects take placeon an intermediate length scaleof a few up

to a few tens of nanometersand involve someten thousandsof atoms. Only

recently it has becomepossibleto accesstheselength scalesby experimental

techniques([2,3]).

Computer simulations have proved to be excellent tools for understanding

the nature of phasetransitions in this type of systems.However, on current

computer hardware, systemsof a size of someten thousandsof atoms can
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not be studied in detail by simulations on the atomic level. To bridge the gap

betweenthe length scales,we proposea simple, robust, coarse-grainedmodel

of a lipid bilayer that is devisedto reproduce the liquid{gel transition while

spending very little computing time on simulating the solvent environment.

The model doesnot attempt to catch the chemicaldetails of any speci�c lipid,

but instead describes the genericcharacteristics of a bilayer that undergoes

the main transition. Comparablemodels have beenusedbeforeby G•otz and

Lipowsky [4] and Sintes and Baumg•artner [5{7], but they did not exhibit

a liquid{gel transition. The \w ater-free" model proposedrecently by Farago

[8] doesdescribe the transition, however the model proposedin this work is

simpler and presumablymore robust.

The model hasbeentested using a constant-pressureMonte-Carlo (MC) sim-

ulation, but it should alsobe possibleto useit in Molecular Dynamics (MD)

computer simulations.

2 Mo del

The bilayer model consistsof two subparts{ the model of the lipids that form

the bilayer (Section 2.1), and the solvent environment model (Section 2.2).

The solvent environment is required to keepthe liquid bilayer together. The

model is robust towards di�erent solvent models in the sensethat the exact

form of the model solvent seemsto be relatively unimportant. In the following,

we will present two very di�erent solvent environment models,both of which

enablethe bilayer to undergothe liquid{gel transition and maintain a stable

liquid phase,while still being e�cien t when it comesto computing.
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2.1 Lipid Model

The lipid model usedin this work wasderived from a successfulcoarse-grained

model for Langmuir monolayers that wasable to reproducethe genericphase

diagram of such monolayers in great detail [9,10].

q

Fig. 1. Sketch of a lipid.

A lipid in the model systemconsistsof six tail beadsand one slightly larger

headbead(seeFigure 1). All lipid beadsinteract via a truncated 12-6-Lennard-

Jonespotential of the form :

V shifted
LJ (r ) =

8
>>>>>><

>>>>>>:

0 ; if r > r cuto�

VLJ (r ) � VLJ (r cuto� ) ; otherwise

(1)

with

VLJ (r ) = �

 � �
r

� 12

� 2
� �

r

� 6
!

(2)

For tail-tail interactions, the cuto� is r cuto� = 2� , the potential thus has

an attractiv e contribution. Head beads interact with each other and with

tail beadsvia a soft-core potential, i.e. the purely repulsive core of the 12-

6-Lennard-Jonespotential V shifted
LJ with a cuto� radius of � .

The adjacent beadsof a lipid chain arebound to each other by a FENE (�nite

extensiblenonlinear elastic, seeEquation 3) type spring potential that limits
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the maximal and minimal bond length. Additionally , a bond-anglepotential

(Equation 4) favours stretched chain conformations.

VFENE (r ) = �
1
2

� (� rmax )2 log

 

1 �
r � r0

� rmax

2
!

(3)

VBA (� ) = � (1 � cos� ) (4)

The length of the chains (i.e. the number of tail beads)and the interaction

parameterof the bond-anglepotential VBA are adaptedto model lipids with a

fully saturatedacyl chain of 16to 18carboxyl groups[11,9,10].The interaction

potentials and parametersof the lipid model are summarizedin table 1. All

lengthsin the systemare measuredin units of the tail{tail-p otential Lennard-

Jonesparameter � , the energyunit is kB T.

Poten tial Parameters

tail{tail V shifted
LJ (j~r j) � = 1, � = 1, r cuto�

� = 2

head{tail V shifted
LJ (j~r j) � = 1, � = 1:05, r cuto�

� = 1

head{head V shifted
LJ (j~r j) � = 1, � = 1:1, r cuto�

� = 1

bond-length VFENE (j~r j) � = 100, r 0 = 0:7, � r max = 0:2

bond-angle VBA (� ) � = 4:7

Table 1

Summary of the interaction potentials of the lipid model. ~r is the center-to-center

distancevector of two beads,� is the bond angleof three adjacent beads(asdepicted

in �gure 1). Parametersare taken from [10].
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2.2 SolventEnvironment Models

In the �rst solvent environment model usedin this work, the bilayer is de�ned

by two parallel planes.The lower plane is the x-y-planeitself, the upper plane

is shifted by zupper > 0. The tail beadsof the bilayer are con�ned betweenthe

planesby the surfacepotential VST (Equation 5), while the head beadsare

forced to stay above the upper plane resp.below the lower plane by VSH (see

Equation 6, with the parameters� = 10, r 0 = 0 and � rmax = 0:5 for VFENE ).

VST(r ) =

8
>>>>>>>>>>>><

>>>>>>>>>>>>:

VFENE (z) ; if z < 0

VFENE (z � zupper) ; if z > zupper

0 ; otherwise

(5)

VSH(z) =

8
>>>>>>>>>>>><

>>>>>>>>>>>>:

VFENE (z) ; if 0 < z < 1
2zupper

VFENE (z � zupper) ; if 1
2zupper < z < zupper

0 ; otherwise

(6)

Unfortunately, the bilayer is not 
exible, so the model is uselessfor the simu-

lation of phenomenathat involve any membrane deformations,such asundu-

lations, hydrophobic mismatch e�ects of membrane integral proteins etc.

On the other hand, this solvent environment model is very easyto implement

and is also very e�cien t when it comesto computing, as it will add only a

single term per bead to the energysum.
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Therefore, another solvent environment model was developed, which retains

the full membrane 
exibilit y, while adding only a small computational over-

head. In this \phantom solvent bead model", the solvent is represented by

explicit solvent beads.Thesebeadsbehave exactly like additional, unbound

head beads(i.e.it has a purely repulsive soft-core interaction with the lipid

beads),except that they do not interact with each other.

This has a number of advantages. First, the model is still computationally

e�cien t, as only those solvent beads that are actually close to the bilayer

signi�cantly contribute to the computing time. Furthermore, the model has

no solvent artefacts, as the solvent can not develop any internal structure.

Therefore,the model can employ periodic boundary conditions perpendicular

to the bilayer and only a relatively thin layer of solvent beadsis neededto

ensurethat the bilayer doesnot interact with itself via the periodic boundary

conditions. If oneusesa thicker layer of phantom solvent beads,the pressure

of the systemcan be easilymeasured,as the ideal gasequation of state holds

for the phantom solvent beadsfar from the bilayer.

3 Simulation Details

The systemwas simulated using a constant pressureMonte-Carlo (MC) sim-

ulation with periodic boundary conditions in all directions. We usedstandard

singlebeadmovesaswell ascollectivevolumemovesthat stretchedor squeezed

the whole systemin x-, y- or z-direction independently, the e�ective Hamil-

tonian being

He� = �( r ) + pV � N kB T log(V) (7)
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where �( r ) is the potential energyof all beads,p is the desiredpressure,V

is the (
uctuating) volume, T is the temperature of the systemand N is the

number of beadsin the system.He� results from a Laplacetransformation of

the N VT-Hamiltonian.

We note, that in the caseof the surfacepotential solvent model, the volume

of the systemV is, strictly speaking,not well-de�ned. However, this doesnot

causeproblems, becauseV in the e�ective Hamiltonian just sets the length

scalesof the systemin the di�erent directions. Therefore,we can rewrite the

e�ective Hamiltonian for the surfacepotential model as

H surface
e� = �( r ) + pLx L yzupper � N kB T log(L xL yzupper) (8)

where L x and L y are the system sizesin x and y-direction respectively [12,

pages103�].

The simulation runs performed for this work involved 288 lipids, which were

initially setup perpendicular to the x-y-planewith 144lipids in each layer, the

headsforming a two-dimensionaltriangular grid. In the caseof the phantom

solvent bead model, up to 16 666 solvent beadswere distributed randomly

outside the bilayer.

The total run length varied between500000and 2 000000Monte-Carlo steps

(MCS), where one MCS includes one volume move in each direction and N

single bead moves. The maximal move rangesfor the di�erent moves were

adapted to yield an acceptancerate of approximately 30 % in a simulation

prerun of 10 000to 50 000MCS.
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4 Results

4.1 Liquid{gel phasetransition

Figures2 and 3 show typical snapshotsof systemswith both solvent environ-

ment models in the gel and liquid phases.The gel phaseis characterisedby a

strong ordering the lipid tails, a high bilayer thicknessand a small area per

lipid of the bilayer, while the liquid phaseexhibits disorderedtails, a much

lower bilayer thicknessand a larger areaper lipid head.

(a) (b)

Fig. 2. Snapshotsof the bilayer model with surfacepotential in the gel ((a), p = 1:0,

T = 0:9) and liquid ((b), p = 1:0, T = 1:0) phase.The tail beadshave beenreplaced

by tub esfor better visualisation.

The lipid tail ordering can be expressedby the nematic order parameterS of

the lipid chains which is given by the largest eigenvalue of the matrix

Sij =
1

2N

N lipidsX

n=1

(3x(n)
i x(n)

j � � ij ) (9)

where x i and x j are the components of the end-to-endvectors of the N lipids

lipid chains in a con�guration [13].As shown in Figure 4, it dropsconsiderably

at the phasetransition. Figure 5 displays the jump of the measuredareaper

lipid A at the phasetransition.
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(a) (b)

Fig. 3. Snapshotsof the bilayer model with phantom solvent beadsin the gel ((a),

p = 1:0, T = 0:9) and liquid ((b), p = 1:0, T = 1:0) phase.The tail beadshave

been replaced by tub es and the phantom solvent beadsby small cubes for better

visualisation.
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Fig. 4. Plot of the nematic order parameter S of the system with surfacepotential

(a) and phantom solvent beads(b).

4.2 PhaseDiagrams

Figure 6 depicts the phasediagramsof the bilayer model obtained from the

simulations with both solvent environment models. The liquid{gel transition

can be observed clearly in both systemsat low to intermediate pressures.
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Fig. 5. Plot of the area per lipid A of the system with surface potential (a) and

phantom solvent beads(b).
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Fig. 6. Phasediagramsof the bilayer model with surfacepotential (a) and with phan-

tom solvent beads(b). The symbols indicate parameter valuesfor which simulations

have beencarried out. Open squares:gel phase,closedcircles: liquid phase,closed

triangles: \pancake" phase,stars: dissociated monolayers, open circles:spontaneous

formation of bilayer stacks, open triangles: disorderedisotropic phase.The lines are

eyeguidesonly and indicated the approximate location of the phaseboundaries.

At higher temperature and lower pressure,the bilayer breaksup into two dis-

sociated monolayers.At higher pressures,the surfacepotential model develops

an unphysical \pancake" phase.In this phase,the distanceof the two layers

(zupper) almost becomeszero and the lipids spreadover a large area, as in a

two-dimensionalgas.
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In the phantom solvent beadmodel, the liquid{gel phasetransition canbe ob-

served over a wider pressurerange.At lower pressureand higher temperature,

the liquid bilayer dissolves and forms an isotropic phase.At higher pressure

and higher temperature, we have alsoobserved the spontaneousformation of

a stack of two liquid bilayers.

5 Conclusions and Discussion

From the Langmuir monolayer model used in our group before [10,14,9]we

learned, that the key to the successfulreproduction of the genericphasebe-

haviour of lipid systemsis the qualitativ ely correct modelling of the transla-

tional and conformational degreesof freedomof the lipids. Furthermore, the

attractiv e part of the tail-tail potential is crucial for the liquid phaseand the

liquid{gel transition. As long asthis is taken into account, however, the liquid{

gel transition is robust towards changesin the exact form and parametersof

the interaction potentials between the lipids. It is to be expected that these

results alsohold for the bilayer model.

As far asthe solvent environment model is concerned,we can deducethat the

existenceand location of the transition is almost not in
uenced by the solvent

model. In contrast to this, the stabilit y of the liquid phasedoesdependon the

solvent. However, it seemsto be su�cien t to introduce\phantom beads" that

basically probe the free solvent-accessiblevolume to create a stable, liquid

bilayer.

Furthermore, the model is very e�cien t with both proposedsolvent environ-

ment models. Even in the phantom solvent model only those solvent beads
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signi�cantly contribute to the computing time that actually interact with the

lipids.

We conclude that the presented lipid model in combination with a simple

solvent environment model is well suited for simulating lipid bilayers in the

regime of the liquid{gel phasetransition. The model correctly describes the

strong decreaseof the lipid tail ordering and bilayer thickness,as well as the

increaseof the areaper lipid.

The phantom solvent model retains the full 
exibilit y of the liquid bilayer.

This is necessary, as the model will be usedto investigate lipid-mediated in-

teractions betweenmembrane intergral proteins. The model presented hereis

ideally suited for this task.
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